Introduction
Auditory evoked magnetic fields including M100 component are informative in investigating the function of the human auditory cortex.
Several hypotheses have been proposed so far, amongst which are hemispheric asymmetry1) and tonotopic or amplitopic organisation of the auditory area.2-7) However, there have been few well-controlled studies concerning the cerebral responses to the speech and non-speech sounds in the context of cortical representation of the tone pitch. We examined some of the hypotheses mentioned above using speech and non-speech sounds sharing common pitches.
Method
Three male right-handed subjects participated in the experiment.
They were from 32 to 42 years old and had no history of hearing impairment.
The stimuli consisted of two types of vowel /a/ (f0= 140 and 340Hz) and tone bursts of 140 and 340Hz. The vowels were synthesised by analysis from the Japanese vowel /a/ pronounced by a male speaker. They had 200ms duration including 20ms linear rise and fall, as used by Kuriki and Murase. 3) The presentation level of these four sounds was adjusted to be 60 dB above the sensation threshold.
The stimuli were generated through a D/A converter on a NEC PC-9800 computer and presented monaurally using a four metre air-tube to one ear contralateral to the recorded hemisphere.
The internal diameter of the plastic tube was 6mm. It had 12ms delay and a smooth amplitude decay characteristic within the high frequency range above 2kHz (-10dB at 4kHz). Otherwise, no significant distortion was found in the rising parts of the acoustic waveform.
The order of presentation was randomized so that no stimulus be presented successively. The interstimulus interval (ISI) was also randomised in the range between 1.6s and 2.0s. One session consisted of 200 times averaging for each of the four stimuli, i.e. 800 stimuli in a session. One experiment comprised two sessions with about 5 minutes' break in between. Magnetic field above the temporal lobe was measured using BTi 37 channel SQUID magnetometer.
The magnitude of measured magnetoencephalogram for each stimulus was represented as the peak rootmean-square (RMS) of 37 channel values during the time interval of 50<t<150ms, where t was time after the stimulus onset. A peak observed around t=100ms was defined as the M100 component following the tradition.
The latency of the M100 component was defined as the time elapsed from the stimulus onset until the magnetic strength attained the maximum.
The Maximum RMS values and the latencies thus determined were compared using four-way analysis of variance (ANOVA). The factors tested were hemispheric side (left or right), tone feature (tone burst or vowel), pitch (140 or 340Hz) and session (1st or 2nd). The location of the equivalent current sources was calculated, after the single dipole model, as at the time when the magnetic response came to its peak. The estimated single dipoles were superimposed onto the magnetic resonance images (MRI) and the dipole locations were determined in relation to anatomical structures.
Results
The RMS values of the magnetoencephalogram evoked by the four stimuli are shown in Fig. 1 . The A140 and A340 stand for vocalic stimuli of 140Hz and 340Hz respectively, and S140 and S340 for tone burst stimuli.
The peak RMS value of the magnetic fields was significantly larger in the right hemisphere than in the left (p<0.001).
Within the left hemisphere, the vowels evoked larger responses than the tone bursts (189fT against 158fT, p<0.01).
The peak RMS was significantly smaller in the second sessions than in the first sessions (192fT against 155fT, p<0.001), showing a considerable adaptation effect, despite the randomised stimulus series.
The M100 latencies to the four stimuli are shown in Fig. 2 . They did not significantly differed between the hemispheres, nor between the first and second sessions. The 340Hz sounds resulted in shorter latencies than the 140Hz sounds (p<0.01).
In the left hemisphere, the latencies for vowels as a group were significantly shorter than those for tone bursts (p<0.05).
On the MRI's, the estimated single dipoles were identified within the auditory cortex. With two out of the three subjects, the dipole for the 340 Hz tone burst was located lateral (i.e. less deep) to the one for the 140 Hz tone burst in both hemispheres, which was contradictory to the latero-medial tonotopic hy- pothesis. 2-4, 7) With the remaining subject, the relative lateral position of the 140 Hz and 340 Hz dipoles differed from one hemisphere to the other. The relative dipole position for the high and low pitch vowels did not always follow a latero-medial tonotopy either, but paralleled the relative position of tone-burst dipoles in five out of six hemispheres. Furthermore, in the left hemisphere, the vowel dipoles showed tendency to be located several millimetres anterior to those for the tone bursts of the corresponding frequencies.
Discussion
The 340 Hz sounds clearly elicited shorter M100 latencies than the 140 Hz sounds, irrespective of the sound feature. The mean difference in latency was 12 ms in the left hemisphere and 19 ms in the right hemisphere.
According to the estimation by von Bekesy,8) the sound wave does not take more than 1 ms to propagate between the 340 Hz and 140 Hz loci of the basilar membrane in the cochlea, which are about 2.5 mm apart. The observed time difference is therefore too long to be attributed to the cochlear mechanism, in which a longer time is spent to transmit a lower frequency tone. However, other frequency bands should be tested to see how the neural mechanism is involved in transmitting information about different tone frequencies and whether the "fastest" frequency exist.
Within the left hemispheres, there was a significant difference in the latency and the RMS peak amplitude between the vowel and tone-burst stimuli, whereas no such significant difference was observed in the right hemispheres. This may indicate the existence of hemispheric asymmetry which would assign a dominant role of speech processing to the left hemisphere.
The observed asymmetry between the two hemispheres may have originated from various reasons. For instance, sounds may be treated by distinct neural circuits according to the sound feature of different ecological significance. Alternatively, or concurrently, a geometrical difference in cerebral anatomy might simply explain larger and shorter-latency M100 responses in one hemisphere rather than in the other, insomuch as a large volume of neural tissue, which imply the activation of more than one sub-dipoles, could be involved in the brain activity and their centre of gravity could move with time. 6) The dipole locations for the vowel and tone-burst stimuli was not always consistent with the lateromedial hypothesis of tonotopic organisation, 2-4, 7) according to which the higher the tone frequency is the deeper the dipole should be. The discrepancy might be explained by that the frequencies we used were relatively lower than those commonly used by other authors2-4) and that the reported tonotopy might hold mainly in the higher frequency band. The individual variability in functional anatomy should be also taken into account to explain the different patterns among the tested subjects. 2, 9)
Dipole locations for the vowels were not such predictable ones from those for the corresponding tone bursts, at least by means of any simple geometric transposition.
Even though the paired vowel and tone burst shared a pitch or a fundamental frequency, the partials and formants existing in vowels could have modified the neural channels through which the stimuli were to be processed.
Effects of partials may not simply be predictable, as shown in a neuromagnetic study using complex tones. 10) The shorter latencies for vowels than for tone bursts also support this view.
The observation that in the left hemisphere the dipoles for vowels were located anterior to those for tone bursts agrees with the previous report.
3) It may imply that the anterior area of the left superior temporal gyrus, located anterior to the Heschl gyrus, which a PET study 11) has demonstrated to be activated by the speech stimuli but not by noise stimuli, is partly responsible for the anterior shift of the M100 activity centre.
In terms of biological mechanism underlying the M100 response, no specific neural connections have yet been proven responsible for the delay between the arrival of the auditory information in the primary auditory cortex and the manifestation of the M100 peak coming about 90 ms later. Thus the findings from neuromagnetic study are not directly comparable to the electrophysiological data based on single unit study. 12) In addition, if the detailed feature of the M100 wave is to be revealed in the future studies, more attention should be paid to the composite nature of the M100 response, 13) which can be examined effectively through the multiple dipole model analysis.
Conclusion
The auditory-evoked magnetoencephalogram elicited by vowels and tone bursts sharing the common fundamental frequencies was measured from three normalhearing right-handed males using a 37 channel SQUID system. The following results were obtained.
(1) In the left hemisphere, the vowels evoked significantly larger and faster M100 responses than the tone bursts, whereas no such significant difference was observed in the right hemisphere.
(2) The estimated single dipoles were located within the auditory cortex. Their locations, however, were not always consistent with the lateromedial hypothesis of tonotopic organisation of the auditory cortex.
The magnetoencephalography successfully demonstrated the cerebral asymmetry, that, for right-handed subjects, the left hemisphere may be more specialised in processing speech sounds than the right hemisphere. The individuality of cortical functional anatomy and the composite nature of the M100 wave should be kept in mind to interpret the different patterns of dipole positions among subjects.
